Objective: We systematically reviewed ICU-based knowledge translation studies to assess the impact of knowledge translation interventions on processes and outcomes of care. Data Sources: We searched electronic databases (to July, 2010) without language restrictions and hand-searched reference lists of relevant studies and reviews. Study Selection: Two reviewers independently identified randomized controlled trials and observational studies comparing any ICU-based knowledge translation intervention (e.g., protocols, guidelines, and audit and feedback) to management without a knowledge translation intervention. We focused on clinical topics that were addressed in greater than or equal to five studies. Data Extraction: Pairs of reviewers abstracted data on the clinical topic, knowledge translation intervention(s), process of care measures, and patient outcomes. For each individual or combination of knowledge translation intervention(s) addressed in greater than or equal to three studies, we summarized each study using median risk ratio for dichotomous and standardized mean difference for continuous process measures. We used random-effects models. Anticipating a small number of randomized controlled trials, our primary meta-analyses included randomized controlled trials and observational studies. In separate sensitivity analyses, we excluded randomized controlled trials and collapsed protocols, guidelines, and bundles into one category of intervention. We conducted meta-analyses for clinical outcomes (ICU and hospital mortality, ventilator-associated pneumonia, duration of mechanical ventilation, and ICU length of stay) related to interventions that were associated with improvements in processes of care. Data Synthesis: From 11,742 publications, we included 119 investigations (seven randomized controlled trials, 112 observational studies) on nine clinical topics. Interventions that included protocols with or without education improved continuous process measures (seven observational studies and one randomized controlled trial; standardized mean difference [95% CI]: 0.26 [0.1, 0.42]; p = 0.001 and four observational studies and one randomized controlled trial; 0.83 [0.37, 1.29]; p = 0.0004, respectively). Heterogeneity among studies within topics ranged from low to extreme. The exclusion of randomized controlled trials did not change our results. Single-intervention and lower-quality studies had higher standardized mean differences compared to multiple-intervention and higher-quality studies (p = 0.013 and 0.016, respectively). There were no associated improvements in clinical outcomes. Conclusions: Knowledge translation interventions in the ICU that include protocols with or without education are associated with the greatest improvements in processes of critical care. (Crit Care Med 2013; 41:2627-2640) Key Words: guidelines; knowledge translation; patient safety; quality; systematic review A crucial deficiency of modern healthcare is the frequent failure to adhere to evidence-based practices (1, 2) for disease prevention, diagnosis, and treatment. Data from the United States indicate that 30-50% of patients do not receive recommended care and 20-30% of patients receive unnecessary interventions (1) (2) (3) (4) , resulting in inappropriate use of drugs and devices, increased morbidity and mortality, and wasted resources. As such, there is immense opportunity to improve outcomes and reduce waste by increasing the use of best practices (5) .
The delivery of critical care is already costly (6) . Undesirable practice variation often leads to poor clinical outcomes in the ICU setting (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , and the risks associated with errors of omission and commission are high. ICUs face specific challenges to the timely adoption of, and ongoing adherence to, evidencebased practice. These challenges include clinicians' beliefs about optimal care, rapidly changing physiology in patients who have critical illness syndromes rather than single diseases, reliance on complex diagnostic and management strategies, and care delivery by multidisciplinary teams. These circumstances can lead to both underutilization (e.g., thromboprophylaxis) and overutilization (e.g., sedation) of specific therapies. Systematic reviews on knowledge translation (KT), which is the effective implementation of best practices, and may also be referred to as "dissemination and diffusion" or implementation research (22) (23) (24) , have generally excluded the ICU. A thorough evaluation of this literature in critical care is necessary to understand the effectiveness of KT in the ICU. Therefore, our objective was to conduct a systematic review of published evidence assessing the strength of KT interventions to implement specific clinical practices in the ICU. Our main outcome measures were processes of care, which these interventions target.
MATERIALS AND METHODS
We developed a protocol (accessible from corresponding author) to identify the number, range, and design of KT studies and to assess the quality of the evidence, the types and combinations of KT interventions studied, and the impact of the KT interventions on processes and outcomes of care (25, 26) . We formed a 10-member steering committee of clinicians, researchers (experts in KT and systematic review methods), and stakeholders. Additional members of the working group included clinicians, researchers, and ICU trainees who reviewed articles and abstracted data.
Data Sources, Searches, and Study Selection
We searched MEDLINE, EMBASE, and Cochrane Central from inception to July 2010 (eFig. 1a-c, Supplemental Digital Content 2, http://links.lww.com/CCM/A695), supplemented by scanning reference lists of selected studies, published systematic reviews, professional society guidelines, international consensus conference statements, and personal files. There were no language restrictions.
In duplicate and independently, five investigators selected publications of any KT intervention alone or in any combination, evaluated using any quantitative study design, and reporting process measures (e.g., uptake of KT intervention) or clinical outcomes (e.g., ICU or hospital mortality) (eFig. 2, Supplemental Digital Content 2, http://links.lww.com/CCM/ A695). To improve confidence in the point estimates of effect for potential sensitivity analyses by clinical topic, we included clinical topics addressed in greater than or equal to five studies. We excluded economic analyses, studies of multiple clinical topics, and studies of computerized interventions alone (27) (28) (29) or computerized decision support systems (30) .
Data Extraction and Quality Assessment
Pairs of reviewers independently extracted the following information from each included study: setting, methodological characteristics, clinical topic, type of KT intervention (e.g., protocol and education), further details of the KT intervention (e.g., development and implementation), process measures (e.g., semirecumbent position, antibiotic use, and handwashing), and clinical outcomes (e.g., duration of mechanical ventilation and ICU and hospital mortality). We provided reviewers with definitions of the KT interventions to guide data abstraction (eTable 1, Supplemental Digital Content 3, http://links.lww.com/CCM/A696). When necessary, we contacted the authors of individual studies for clarification.
We assessed study quality in domains of study methodology and development and implementation of the KT intervention(s). To assess study methodology, we developed specific criteria (eTable 2, Supplemental Digital Content 3, http:// links.lww.com/CCM/A696) based on published guidance (31-34) and a scoring system (maximum 10 for randomized controlled trials [RCTs] and 9 for observational studies). Based on the maximum possible score, we calculated a percentage score for each study for purposes of meta-analysis. Second, to assess the development and implementation of the KT interventions, we developed additional specific criteria (eFig. 3, Supplemental Digital Content 2, http://links.lww.com/CCM/A695) and a scoring system (maximum 8). Reviewers independently scored study quality and resolved disagreements by consensus, with adjudication by the principal investigator if necessary.
Three investigators independently classified process measures by the direction of change associated with improvement (e.g., lower duration of sedation is an improvement) and by direct versus no linkage with the KT intervention (e.g., thrombembolism prophylaxis rate was excluded as a relevant outcome for a study of a nutrition protocol).
Data Synthesis
Study characteristics were summarized as frequencies/percentages (discrete variables) and means/SDs or medians/interquartile ranges (IQRs) (continuous variables). Wilcoxon rank-sum test was used to compare quality scores between RCTs and observational studies.
We conducted a meta-analysis for each type of single or combination of KT intervention described in greater than or equal to three studies. Anticipating few RCTs, our primary meta-analysis included both randomized and observational studies. We conducted sensitivity analyses by 1) removing RCTs and 2) collapsing protocols, guidelines, and bundles because of their similarity.
For each study, we determined the median effect of the KT intervention separately for all dichotomous and continuous process measures (e.g., duration of enteral nutrition could be measured as total volume [continuous] or proportion of patients achieving goal volume [dichotomous]). For studies with an even number of process measures, we used the lower of the two middle estimates. For two studies reporting results per center, we meta-analyzed the results (35) . For studies with a contemporaneous control group, we used the postimplementation data for both intervention and control arms.
For continuous data, we calculated the SD, if not provided, using the p-value or 95% CI and assumed equal SD in both arms. To adjust the sample size for one cluster RCT with continuous data, we assumed that the intracluster correlation coefficient (ICC) of 0.11 reported for one process measure applied to all. For two cluster RCTs with binary data based on Cochrane handbook's recommendation (36) of an ICC less than 0.05, we chose to use the upper limit (ICC = 0.05). If we found discrepancies between our calculations and reported data, we contacted study authors.
Meta-analysis was done for the following clinical outcomes: ICU and hospital mortality (risk ratio [RR]), ICU length of stay and duration of mechanical ventilation (mean difference), and ventilator-associated pneumonia (VAP) rates (rate ratio) (36) . All meta-analyses used random-effects generic inverse variance models (37) . Dichotomous process measures were summarized as the RRs with continuity corrections where indicated. Continuous data were summarized using standardized mean differences (SMDs) adjusted for small sample bias (38) . RR greater than 1 and SMD greater than 0 denote improvements in dichotomous and continuous process measures, respectively. SMD values of 0.2-0.3 were considered small, 0.5 medium, and greater than 0.8 large effect sizes (39) .
We used meta-regression to examine associations between effect size and quality of study methodology, quality of development and implementation of the KT intervention, year of publication, and single versus multiple interventions. To assess publication bias, we examined funnel plots for dichotomous and continuous process measures and used Egger's regression test for asymmetry (40, 41) . Analyses were conducted using SAS version 9.2 (SAS Institute, Cary, NC) and R version 2.13.1 (R Foundation for Statistical Computing, Vienna, Austria). The PRISMA checklist is available through this link: supplemental data, Supplemental Digital Content 1, http://links.lww. com/CCM/A694.
RESULTS

Literature Search
The search strategy identified 11,742 unique publications ( Fig. 1) . After screening all abstracts, 302 articles were selected for further review. Fifty-four studies on computerized KT interventions, 28 reporting on multiple clinical topics, and 109 with fewer than five studies per clinical topic were excluded ( Fig. 1) . As a result, we included 119 studies (four RCTs [42] [43] [44] [45] , three cluster RCTs [46] [47] [48] , and 112 observational studies [ 
Study Characteristics and Quality
Characteristics of the 119 selected studies are shown in Table 1 . Nine clinical topics were studied. The three most common were VAP, catheter-related blood stream infections, and sedation. The majority of studies were conducted in North America. Most studies were done exclusively in academic centers (n = 79 [78%]) and nearly all were done in a single center (n = 100 [84%]). The median number (IQR) of patients was 328 (306, 1,177) and did not differ between the RCTs and observational studies. Most studies did not report how they were funded.
See eTable 3 (Supplemental Digital Content 3, http://links. lww.com/CCM/A696) for individual study quality scores. The median percentage score for the quality of study methodology was 80% (70, 80) for RCTs and 33% (11, 56) for observational studies (p < 0.0001). The score for quality of the development and implementation of the KT intervention was similar for RCTs (3 [1, 4] ) and observational studies (3 [2, 4] ), p equals to 0.59. For observational studies, quality of study methodology improved over the years covered by this analysis (p = 0.006), whereas quality of the KT intervention did not.
Process Measures Extracted
We abstracted 347 dichotomous process measures, of which 187 (from 49 studies) remained after exclusions (105 were unrelated to the KT intervention; 54 were not analyzable; four from separate clusters in one study were summarized as one outcome using random-effects metaanalysis [net reduction of 3]) and the addition of two process measures reclassified as dichotomous. We extracted 203 continuous process measures, of which 74 (from 24 studies) remained after exclusions (82 were not related to the KT intervention; four were clinical outcomes; 47 were not analyzable) and the addition of four process measures reclassified as continuous.
KT Interventions
Sixty different KT interventions (five single and 55 combinations) were studied. The most commonly studied interventions were education (n = 84 [71%]) and clinical protocols (n = 57 [48%]) ( Table 2 ). The median number of KT interventions per study was 2 (2, 4) (2 [2, 4] for observational studies and 3 [1, 6] for RCTs]. The most common combination was protocols plus education (n = 14 [12%]) ( Table 3) .
Impact of KT Interventions on Process Measures and Clinical Outcomes
We found eight unique single or combination KT interventions with at least three process measures per study in our analyses ( ; p = 0.06). Heterogeneity in the meta-analysis ranged from low to extreme for both types of process measures. None of the KT interventions was associated with any change in clinical outcomes (Table 4 ).
Sensitivity Analyses
The exclusion of RCTs did not qualitatively change our results (eTable 4, Supplemental Digital Content 3, http://links.lww. com/CCM/A696). Meta-regression showed that effect sizes for continuous process measures were larger with 1) single (vs multiple) interventions (SMD, 0.47; larger p = 0.013) and 2) studies of lower quality of study methodology (SMD higher by 0.1 for each 10% decline in quality; p = 0.016). The metaregression for the dichotomous process measures showed a trend for low-quality studies to inflate the effect size (1 point decrease in study quality was associated with a 6% increase in the effect size; p = 0.08). Year of publication was not associated with the effect size. 
Publication bias
DISCUSSION
Our systematic review assessed the effect of a range of KT interventions in the ICU setting. Overall, the evidence demonstrating the benefit of KT interventions on process measure and clinical outcomes was sparse. We found that the most commonly studied KT interventions in critical care have been protocols, education, reminders, and audit and feedback. Most of these studies (94%) were observational, and their overall quality of methodology (with important exceptions for the RCTs) was low to moderate. The existing literature to date indicates that improvements in processes of ICU care were associated with the use of protocols (or guidelines or bundles) coupled with education. Including additional KT strategies to ensure use of the protocols, such as reminders or audit and feedback, may confer additional benefit. The effect ranged from small (protocol plus education) to large (passive dissemination of protocols/guidelines/bundles). We also found that single interventions had a larger effect than multiple interventions. This is consistent with a recent knowledge synthesis of mostly primary and noncritical acute care (22) that found that multifaceted interventions are not necessary for significant improvements in processes of care and that single strategies such as education can be effective. Finally, although we found associations between KT interventions and processes of care, this was not the case for the clinical outcomes we analyzed. Likely contributors to the finding that KT interventions influenced processes but not clinical outcomes include issues related to sample and effect sizes and questionable cause-and-effect relationships between many process measures and the outcomes they are intended to influence (160) . However, it is important to recall that the intent of our analysis was to clarify which KT interventions are effective in ICUs for changing clinical practice. And in this regard, it is the process measures which were relevant not the clinical outcomes. This literature consists mostly of single-center observational studies of low to moderate quality. In relevant studies, outcomes such as mortality are very distal from the process measures assessed and sample sizes were too small to detect small differences in clinical outcomes. Our findings are likely confounded by study quality and size because we found that both large (vs small) studies and high (vs low) quality studies generated small effect sizes. Although our review represents the breadth of KT literature related to critical care, we are not able to definitively discern the most effective type or number of KT interventions. The seven high-quality RCTs are too few to provide sufficient guidance regarding comparative effectiveness of critical care KT strategies. Many KT interventions and combinations, such as opinion leaders, academic detailing, preprinted orders, and organizational change, have not been sufficiently evaluated. In general, ICU leaders and bedside clinicians need to exercise caution when reading and using the existing literature and should not use individual or a smattering of studies to guide knowledge transfer in critical care. First, most of the studies were single center, in which centers used approaches, which they perceived would work in their own ICUs. This likely explains the broad scope and heterogeneity of the number, type, and combinations of KT interventions implemented in the studies included in our review (five single and 55 combinations) as well as the highly variable results. Implicit in this, as also suggested in a recent Cochrane review of KT interventions outside the ICU setting, is the notion of tailoring interventions to address the barriers and culture of the organization to improve processes and outcomes of care (161) . Although different approaches may work in different ICUs, and a tailored approach may be warranted, this has not been investigated in the ICU and further research is necessary. Second, based on the literature thus far, using either protocols/guidelines/bundles plus education to implement best practices is a reasonable starting point. For the ICU director, or manager, this may be the simplest and least costly intervention that can lead to some benefit in the processes of care. Third, our results also suggest that using more complex combinations such as protocols/guidelines/bundles plus education and reminders and audit and feedback could provide additional benefit; but of unknown additional magnitude. What institutional leaders will need to consider is the added time and financial cost a more complex implementation strategy will incur. The overall cost benefit remains to be investigated.
There are several strengths of this systematic review. First, we used rigorous methodology to identify, appraise, and synthesize a large body of evidence. We conducted a comprehensive search, included over 100 studies, including non-English publications (6%). To minimize the bias of any single reviewer, we conducted duplicate reviews and used a large number of reviewer pairs. Second, we covered nine clinical topics that have a high impact on clinical outcomes in the ICU. Third, we conducted a meta-analysis to ascertain whether there are specific KT interventions or combinations which provide the greatest effect, including sensitivity analyses to explore single versus multifaceted interventions, study quality, and publication year.
Several limitations of the studies in this review should be considered. First, many of the process measures reported in the studies were not directly related to the KT intervention and were not included in the analysis. Second, there is important publication bias with the lack of small negative studies. The literature base is primarily from observational studies of low to moderate quality with large treatment effects, limiting inferences about their findings. Further, the majority of studies involved before-after study designs and could be subject to spurious inferences regarding causation due to secular trends in case-mix or cointerventions. In addition, few studies included community ICUs, which collectively care for the majority of critically ill patients (162, 163) . It is possible that differences in case-mix and organization may influence the effect size of KT interventions in community settings. Finally, because most studies were single center and conducted in North America, the generalizability of their results is suspect.
Further research is needed to address the existing gaps in the KT literature in critical care. This should include a collaborative, multicenter, programmatic approach to KT research in critical care, with rigorously designed studies, and KT interventions specifically chosen to address outstanding questions in the field (164) . Efforts must be made to design and assess KT interventions that are affordable and sustainable, to identify the minimal components of interventions that render them effective, and to include more community hospitals in such research (165) . To enable comparisons, reporting of future KT studies should include details of organizational and clinical characteristics of the participating hospitals and ICUs. We believe that such future efforts would be facilitated by formation of interdisciplinary groups of researchers, clinicians, administrators, and policy makers. Systematically identifying gaps in knowledge, such groups could set research agendas and priorities.
CONCLUSIONS
In conclusion, limitations in the amount and quality of existing studies do not allow clear identification of the best KT strategies for improving use of best practices in ICUs. From the existing literature, we conclude that protocols with or without education were associated with the greatest improvements in processes of care. Multiple KT interventions did not appear better than single interventions, but only limited data have assessed bundling these interventions. Furthermore, it is important to reiterate that findings about the effectiveness of KT strategies in one clinical setting should not be extrapolated to other settings. Future research would be enhanced by a common taxonomy for KT interventions, piloting of interventions or combinations, and evaluation in cluster RCTs focused on processes of care known to be associated with patient-centered outcomes.
